The Ty1 retrotransposons present in the genome of Saccharomyces cerevisiae belong to the large class 3 5 of mobile genetic elements that replicate via an RNA intermediary and constitute a significant portion of 3 6 most eukaryotic genomes. The retromobility of Ty1 is regulated by numerous host factors, including 3 7 several subunits of the Mediator transcriptional co-activator complex. In spite of its known function in 3 8 the nucleus, previous studies have implicated Mediator in the regulation of post-translational steps in 3 9 Ty1 retromobility. To resolve this paradox, we systematically examined the effects of deleting non-4 0 essential Mediator subunits on the frequency of Ty1 retromobility and levels of retromobility 4 1 intermediates. Our findings reveal that loss of distinct Mediator subunits alters Ty1 retromobility 4 2 positively or negatively over a >10,000-fold range by regulating the ratio of an internal transcript, Ty1i, 4 3 to the genomic Ty1 transcript. Ty1i RNA encodes a dominant negative inhibitor of Ty1 retromobility 4 4 that blocks virus-like particle maturation and cDNA synthesis. These results resolve the conundrum of 4 5
1 0 0 the VLP (where it is processed to p18-Gag) disrupts nucleocapsid formation, thereby halting Ty1 protein 1 0 1 maturation and production of Ty1 cDNA [24, 28, 29, 32] .
0 2
Ty1 relies extensively on autoregulatory factors and host factors to successfully complete its 1 0 3 mobility cycle and limit its mobility so as not to destabilize the host genome [18, 33] . Host factors that 1 0 4 regulate Ty1 mobility include subunits of the Mediator transcriptional co-activator complex [34] [35] [36] [37] [38] [39] . 1 0 5 5 Mediator plays a crucial role in the formation of the PIC at all Pol II transcribed genes, in part by acting 1 0 6 as a bridge between DNA binding transcriptional activator proteins and the RNA Pol II transcription 1 0 7 machinery [40] [41] [42] [43] [44] [45] [46] [47] . In Saccharomyces cerevisiae, Mediator is a 1.4 MDa complex composed of 25 1 0 8 individual subunits organized into four modules (Fig 2A) [48] [49] [50] [51] . The core Mediator complex contains 1 0 9 the "head," "middle," and "tail" modules, while a fourth kinase module is transiently associated with the 1 1 0 core complex in a context-specific manner [52] . The tail domain is generally responsible for Mediator's 1 1 1 association with transcriptional activator proteins, while the head and middle are involved in association 1 1 2 of RNA Polymerase II (Pol II) and pre-initiation complex (PIC) formation [42, 50] . subunits affects a step in retrotransposition between transcription and integration while having minor 1 1 7 effects on Ty1 transcript levels [18, [34] [35] [36] [37] [38] [39] . This conclusion is strikingly incongruous with Mediator's 1 1 8 canonical role as a transcriptional regulator. To date, no mechanistic characterization of Mediator's 1 1 9 positive and negative influences on Ty1 mobility has been undertaken, and an explanation for its 1 2 0 apparent post-transcriptional function in Ty1 mobility has been elusive.
2 1
In this study, we systematically determine the effects of deleting non-essential subunits of the 1 2 2
Mediator complex on various steps in Ty1 retrotransposition, from Ty1 and Ty1i RNA expression to 1 2 3 completion of the retrotransposition event. We show that deletion of Mediator complex subunits results 1 2 4 in substantial, module-specific effects on the level of Ty1 retrotransposition. Consistent with previous 1 2 5 findings, we find that Mediator subunit deletions have minimal effects on the levels of Ty1 RNA and 1 2 6
Gag protein, but do result in substantial changes in the level of unintegrated cDNA that correspond to 1 2 7 changes in the level of retrotransposition. We also report that deletion of individual subunits of the tail 1 2 8 module triad, Med2-Med3-Med15, increases recruitment of Mediator and Pol II to a secondary promoter 1 2 9 6 within the Ty1 GAG ORF. Use of this internal promoter results in expression of Ty1i RNA, whose 1 3 0 translation product, p22-Gag, is a potent inhibitor of VLP formation and Ty1 cDNA synthesis. In 1 3 1 contrast, loss of Mediator head module subunits Med18 or Med20 decreases Mediator association with 1 3 2 the internal Ty1i promoter and results in increased Ty1 mobility. Thus, Mediator subunits control a post-1 3 3 transcriptional step in Ty1 mobility by modulating transcription of Ty1i RNA. Based on these 1 3 4 observations, we propose a mechanism in which Mediator regulates Ty1 retromobility by controlling the 1 3 5 balance between utilization of Ty1 and Ty1i promoters. retromobility [34, 35, 37, 38, 53] . To systematically investigate the role of all non-essential subunits of 1 4 4
Mediator in Ty1 retromobility, a collection of strains, each containing a deletion of a non-essential 1 4 5
Mediator subunit, was generated from a BY4741 progenitor strain containing a chromosomal his3AI-1 4 6 marked Ty1 element (S1 Table) . These strains were then subjected to an established quantitative 1 4 7 retromobility assay in which cells that sustain a retromobility event are detected as His + prototrophs ( subpopulation. Nonetheless, we were able to observe altered Mediator occupancy in favor of Ty1 4 0 1 relative to Ty1i in med18∆ and med20∆ mutants, supporting the idea of a common mechanism. 4 0 2
These findings are summarized in the model depicted in Fig 8. The Ty1 LTR contains a TATA 4 0 3 box within its U3 region (Fig 1) , and Ty1 expression is Spt3-dependent (Fig 3 & 5) [25] , indicating that 4 0 4
Ty1 belongs to the SAGA-dominated class of genes. This class is enriched in highly regulated genes 4 0 5 such as stress-response genes, and is characterized by a promoter structure that is distinct from that of 4 0 6 the largely constitutively-active, TATA-less, TFIID-dominated genes [20, 70] . In contrast to Ty1, Ty1i 4 0 7 is transcribed in spt3∆ yeast and is therefore not dependent on SAGA; furthermore, the region upstream 4 0 8 of the Ty1i TSS lacks any consensus TATA element, indicating that Ty1i belongs to the class of TFIID- 
3 3
The molecular mechanism underlying the contrasting dependence of Ty1 and Ty1i promoters on 4 3 4
Mediator subunits remains to be determined, but is likely to involve Ty1 promoter elements that are 4 3 5 present upstream of the Ty1i proximal promoter. Ty1 possesses an unusual promoter architecture that 4 3 6 includes transcription factor binding sites both upstream of the Ty1 TSS and sites within the ORF, but 4 3 7 upstream of the Ty1i TSS ( Fig 1C) may be sufficient to inhibit PIC formation at the Ty1i proximal promoter, in a manner dependent on the 4 4 1 tail module triad, even when the Ty1 proximal promoter is inactive, as is the case for pGTy1∆POL in 4 4 2 yeast grown in glucose medium.
3
Retroelements are nearly ubiquitious in extant genomes, and their expression is governed by 4 4 4 disparate mechanisms, including expression of truncated ORFs and altered TSS utilization [74, 75] . We 4 4 5 are not aware of any precedent for Mediator regulating the balance between two promoters in the way 4 4 6 we have reported here; future studies will be required to determine whether similar mechanisms apply in 4 4 7 other cases in yeast or other organisms. Regarding physiological relevance, retrotransposition frequency 4 4 8 is responsive to environmental stress, and Mediator is subject to stress-dependent phosphorylation that 4 4 9 affects gene expression [76] . This suggests a possible mechanism for regulating Ty1 retromobility 4 5 0 during stress that deserves exploration.
5 1
An unanticipated finding of this study was that retromobility of an LTR-driven Ty1his3AI 4 5 2 element on a low copy CEN-plasmid was over 30 times higher than that of the active chromosomal 4 5 3 element, Ty1his3AI-3114 (Compare Fig 2B to Fig 4B) . Because the amount of Ty1his3AI RNA relative 4 5 4 to total Ty1 RNA is a direct determinant of the frequency of Ty1his3AI retromobility, these data may 4 5 5 indicate that the LTR promoter is more active on the CEN-plasmid, possibly due to reduced nucleosome 4 5 6 occupancy at the LTR [77, 78] . Potential differences in Ty1 or Ty1i RNA expression between 4 5 7 chromosomal and CEN-plasmid elements warrants further investigation, as these might explain why 4 5 8 different screens for Ty1 regulators have yielded largely non-overlapping gene sets [18].
5 9
A frequent finding among studies of extrinsic and intrinsic regulators of Ty1 is that the 4 6 0 retromobility level is altered without a change in the level of Gag protein [18] . For example, treatment of 4 6 1 cells with the DNA damaging agents 4-Nitroquinoline 1-oxide and γ-rays, severe adenine starvation, 4 6 2 reduced growth temperature and telomere erosion in the absence of telomerase induce Ty1 4 6 3 retromobility, and in some cases, increase Ty1 RNA without altering steady-state Gag levels [18, [79] [80] [81] . 4 6 4 2 0
In addition, treatment of cells with γ-factor, the absence of 5′ to 3′ mRNA degradation proteins, and Strains used in this study are derivatives of BY4741. Genotypes of each strain are provided in S1 4 7 7 
8 6
Twenty single colonies were picked and struck for single colonies on SC-URA 2% glucose and grown at 4 8 7 30˚C. A single Ura + colony harboring cells had maintained the pGTy1kanMXAI plasmid throughout 4 8 8 2 1 galactose-induction was picked from each streak and struck for single colonies on YPD and grown at 4 8 9 30˚C. A single colony was picked from each YPD streak and used to make a 1 cm 2 patch on YPD at 4 9 0 30˚C. Each patch was replicated to a fresh YPD agar and grown for three days at 20˚C, and then 4 9 1 replicated to YPD agar containing 200 µg/ml G418 and grown at 30˚C for three days. Strains harboring 4 9 2 a chromosomal Ty1kanMXAI element were identified by the appearance of G418 R papillae. A strain 4 9 3 with a representative number of G418 R papillae, JC6464, was chosen for further analysis. A 4 9 4 med15∆:URA3 derivative of strain JC6464 was constructed by PCR-mediated gene disruption. replaced with a TEF1 promoter (herein referred to as P TEF1 -Ty1his3AI; see Fig 5) . Plasmid pBJC80, 5 0 0 herein referred to as pGTy1∆POL, has been described previously [69] . Ty1 retromobility was determined as previously described [19] . Individual colonies from strains 5 0 4
were grown in triplicate in YPD broth at 30°C overnight. Each culture was then diluted in quadruplicate 5 0 5 by a factor of 1000 in YPD broth and grown at 20°C to an optical density beyond log growth phase. 1μL 5 0 6 of a 1:1000 dilution of each of the resulting 12 cultures was plated on YPD agar to provide an accurate 5 0 7 representation of the cell density. In parallel, 100μL to 1mL of each culture was plated on SC-HIS agar.
0 8
All plates were grown at 30°C for 3-4 days. Mobility frequency was calculated as a ratio of the number 5 0 9
of His + colony forming units to the number of colony forming units in each culture as represented by the 5 1 0 number of colonies growing on YPD agar. For strains for which no His + prototrophs were observed, 5 1 1 2 2 mobility was reported as an upper limit equal to the ratio of (1/the total number of colony forming units 5 1 2 in all three biological replicates).
1 3
For strains containing a plasmid Ty1his3AI element, the above protocol was modified such that 5 1 4 cultures were grown in their respective selective media (SC-URA or SC-LEU with 2% glucose) at 30°C 5 1 5 until confluent, diluted 1:1000 and grown at 20°C in YPD until confluent, and plated on their respective 5 1 6 dropout media (SC-URA or SC-LEU with 2% glucose) as well as the corresponding media lacking 5 1 7 histidine (SC-URA-HIS or SC-LEU-HIS with 2% glucose).
1 8
For strains containing a chromosomal Ty1kanMXAI element and plasmid pBJC1250 containing 5 1 9 the P TEF1 -Ty1his3AI element, the above protocol was modified such that cultures were grown in SC-5 2 0 LEU 2% glucose at 30°C overnight. Cultures were diluted 1:1000 into YPD broth and separated into 12 5 2 1 independent cultures that were grown for three days at 20˚C. A 1:1000 dilution of each culture was A 20μg aliquot of total cellular RNA was separated on a 1% Seakem GTG agarose gel as 5 3 5 previously described [90] . Three to six μg of poly A + RNA was separated on an 0.8% Seakem GTG 5 3 6 agarose gel as previously described [90] . Separated RNA was transferred to a Hybond XL membrane 5 3 7 (GE Healthcare) using a gradient of 6X SSC to 10X SSC overnight at room temperature. Synthesis of 5 3 8 32 P-labeled RNA riboprobes was carried out in vitro using SP6 or T7 polymerase (New England 5 3 9
Biolabs). Membranes were incubated with probes in NorthernMax PreHyb Buffer (Ambion) at 65°C 5 4 0 overnight. Images were scanned using a Typhoon 9400 scanner, and quantified using ImageQuant Cultures were grown at 20°C in YPD for one cell doubling (OD 600 0.3 to OD 600 0.6) after 5 4 5 dilution from overnight cultures grown at 30°C. Protein was extracted from total cell lysates as 5 4 6 previously described [91] and resolved on a 10% SDS-PAGE gel. When resolving p18-and p22-Gag, a 5 4 7 15% SDS-PAGE gel was used. Protein was then transferred to a polyvinylidene difluoride (PVDF) 5 4 8 membrane. Membranes were blocked in a 5% nonfat milk solution dissolved in phosphate buffered 5 4 9 saline (PBS) with 0.1% TWEEN 20. Membranes were then incubated in 0.5% nonfat milk in PBS with 5 5 0 0.1% TWEEN 20 with a 1:7500 dilution of affinity-purified anti-VLP antisera [53] to detect Gag, a 5 5 1 1:5000 dilution of a polyclonal antibody specific to p18-Gag (a gift from David Garfinkel, described in 5 5 2
[24]), a 1:7500 dilution of anti GAPDH monoclonal antibody (Thermo Fisher Scientific), or a 1:5000 5 5 3 dilution of anti actin monoclonal antibody (Abcam). Med17-myc was detected using a 1:1000 dilution 5 5 4 of a monoclonal antibody to c-myc (Sigma-Aldrich). Membranes were subsequently incubated with 5 5 5 horseradish peroxidase (HRP)-conjugated secondary antibodies (Millipore). Following terminal washes, 5 5 6 membranes were incubated with SuperSignal West Pico chemiluminescence substrate (Pierce, Thermo 5 5 7
Fisher Scientific), and exposed to film (Kodak). Antibody was stripped from membranes as described 5 5 8 2 4
previously [92] . Images were developed on film using a Model SRX-101A Medical Scanner (Konica 5 5 9 Minolta) and scanned using a Cannon MP480 scanner. Protein bands were quantified using ImageJ 5 6 0 (NIH). Quantification was performed using film exposed for different durations to ensure that 5 6 1 measurements were done within the linear response range. Cultures were grown past log growth phase at 20°C in YPD broth. Total genomic DNA was 5 6 5 isolated as previously described [15, 93] , and digested with Sph I endonuclease. Digested genomic DNA 5 6 6 was then fractionated by gel electrophoresis on a 1% GTG agarose gel and subjected to Southern blot 5 6 7 analysis with a 32 P-labeled riboprobe specific for POL as described previously [15, 37] . ChIP-seq 5 9 5
For analysis of Mediator occupancy at Ty1 elements (Fig 8) , chromatin immunoprecipitation 5 9 6 followed by high throughput sequencing (ChIP-seq) was performed using strains in which Mediator 5 9 7 subunits Med15 or Med17 carried 13-myc epitope tags and which were engineered to allow Kin28 5 9 8 inactivation by the anchor away technique (S1 Table) [63]. For anchor away experiments, yeast were 5 9 9 grown in YPD to an OD 600 of 0.8. Rapamycin was then added to a concentration of 1 µg/mL (from a 1 6 0 0 mg/mL stock in ethanol stored at -20˚C for not more than one month) and cultures allowed to grow one 6 0 1 hr at 30˚C prior to cross-linking. ChIP against epitope-tagged Mediator subunits was carried out as 6 0 2 described previously [61], using 2 μg of anti-myc antibody (clone 9E10, Sigma) and protein G 
0 8
Unfiltered paired-end sequencing reads were aligned to the S. cerevisiae reference genome 6 0 9 (Saccer3) by using BWA [94] . Up to one mismatch was allowed for each aligned read; reads mapping to 6 1 0 multiple locations were retained and randomly assigned. Because full-length Ty1 elements share 6 1 1 sequences with 266 Ty1 delta elements (263 of which are <350 bp in length), some reads from the first 6 1 2 ~350 bp of Ty1 elements will also be mapped to these elements. Duplicate reads were removed based on 6 1 3 paired end information. Occupancy profiles for Ty1 elements were generated by averaging the signal of 6 1 4 all 31 Ty1 elements; thus, behavior of individual elements cannot be assessed. The occupancy is plotted 6 1 5 on the window from 2kb upstream of TSS to 2kb downstream of TES ( Fig 5 and 6 ). In each Ty1 6 1 6 element ORF, from TSS+1kb to TES-1kb, the region is divided into 100 bins and the average occupancy 6 1 7 of each bin was calculated. For the flanking regions, the occupancy was calculated for each base pair. 7  3  6   5  0  .  T  s  a  i  K  L  ,  T  o  m  o  m  o  r  i  -S  a  t  o  C  ,  S  a  t  o  S  ,  C  o  n  a  w  a  y  R  C  ,  C  o  n  a  w  a  y  J  W  ,  A  s  t  u  r  i  a  s  F  J  .  S  u  b  u  n  i  t  a  r  c  h  i  t  e  c  t  u  r  e  a  n  d   7  3  7   f  u  n  c  t  i  o  n  a  l  m  o  d  u  l  a  r  r  e  a  r  r  a  n  g  e  m  e  n  t  s  o  f  t  h  e  t  r  a  n  s  c  r  i  p  t  i  o  n  a  l  m  e  d  i  a  t  o  r  c  o  m  p  l  e  x  .  C  e  l  l  .  2  0  1  4  ;  1  5  7  (  6  )  :  1  4  3  0  -4  4  .   7  3  8   5  1  .  W  a  n  g  X  ,  S  u  n  Q  ,  D  i  n  g  Z  ,  J  i  J  ,  W  a  n  g  J  ,  K  o  n  g  X  ,  e  t  a  l  .  R  e  d  e  f  i  n  i  n  g  t  h  e  m  o  d  u  l  a  r  o  r  g  a  n  i  z  a  t  i  o  n  o  f  t  h  e  c  o  r 
